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Introduction
Hypertension, or raised blood pressure, is a common, dangerous and treatable condition, but its detection and control remain a major health challenge in many parts of the world, particularly in low-and middle-income countries such as China. Several environmental and lifestyle factors are known to be associated with raised blood pressure, including cold temperature, alcohol drinking, adiposity and salt intake. In Western populations where most people have good access to adequate housing and health care, mean blood pressure in adults tends to vary only moderately with outdoor temperature. [1] [2] [3] [4] In China, the situation is quite different, with a recent study showing unusually large effects of outdoor temperature on blood pressure. 5 In that study there was also a great heterogeneity in the strength of the association across different regions of China, reflecting differences not only in local climates but also in housing conditions (e.g. access to central heating) and other known determinants of blood pressure (e.g. age, adiposity, alcohol drinking). 5 Despite these findings, questions remain about the patterns and correlates of seasonal changes of blood pressure in specific regions of China, especially in rural areas where no proper household heating during winter is available, and about their relevance for detection and control of hypertension in the general population.
To fill in this knowledge gap, we report a detailed analysis of cross-sectional data of over 50 000 adults from a rural coastal area in the south of Yangzi River, from the China Kadoorie Biobank (CKB) study. 6 The main objectives of the study are: (i) to examine the relationships of season and outdoor temperature with blood pressure, both overall and in various subgroups of individuals; and (ii) to assess the likely changes in detection rate of hypertension and, among those with known hypertension, control rates of blood pressure by season and outdoor temperature.
Methods

Participants
Detailed information about the CKB study design and recruitment strategy has been reported previously. [6] [7] [8] Participants included in the present study were recruited from Tongxiang, Zhejiang Province, which is one of the 10 study regions of CKB. All permanent residents aged 35-79 years from 104 administrative villages (accounting for 48.8% of the total Tongxiang population) were identified through local population registries and were invited to attend study assessment clinics set up specifically in each village. In total, 57 704 men and women ($34% of those invited) participated in the CKB baseline survey which took place between August 2004 and January 2008. For the present study, 329 people were excluded because of reported use of heating in households during winter, leaving 57 375 participants in the current analysis. The study was approved centrally by the ethics committees of the University of Oxford and the Chinese Center for Disease Control and Prevention (CDC). In addition, ethics approval was also obtained from the institutional research board at the Zhejiang Provincial CDC and Tongxiang CDC. All participants provided written informed consent.
Key Messages
• The significant seasonal variations in blood pressure were primarily driven by changes in outdoor temperature.
• When outdoor temperature dropped, blood pressure increase dramatically and a higher prevalence of hypertension could be detected. This should be taken into account when conducting and evaluating population-based hypertension survey.
• Lower outdoor temperature could attenuate the blood pressure control rate in people with known hypertension. This should be considered by hypertensive patients and their care/treatment providers.
Data collection
Information about socio-demographic, lifestyle and medical history was collected using an interviewer-administered laptop-based electronic questionnaire. 6 Blood pressure was measured twice by trained clinicians using a UA-779 digital monitor, after at least 5 min rest of the participant in a seated position with feet on the floor and the arm supported at heart level. The interval between the two measurements was at least 1 min. If the difference between the two measurements was more than 10 mmHg for systolic blood pressure (SBP), a third measurement was undertaken and the mean of the last two measurements was used for analyses.
In the present analysis, hypertension detection rate was defined as proportion of people who had mean SBP !140 mmHg or mean diastolic blood pressure (DBP) !90 mmHg among those without self-reported physician diagnosed hypertension. Hypertension control rate was defined as proportion of people with prior hypertension whose measured SBP <140 mmHg and DBP <90 mmHg.
Local daily outdoor temperature data collected at four time points (02:00, 08:00, 14:00 and 20:00 h) during the day for whole of the study period was provided by Tongxiang Meteorological Bureau. Mean monthly, spring (March, April and May), summer (June, July and August), autumn (September, October and November), and winter (December, January and February) outdoor temperature was calculated as the average of outdoor temperatures during the days when participants were surveyed in that month or season.
Sedentary leisure time was defined as time spent in sitting-down activities outside work, such as watching TV, reading a newspaper and using a computer. Height and weight were measured following standard protocols and BMI was calculated as weight (in kg) divided by the square of standing height (in m). 6 
Statistical methods
Least squared means of SBP and DBP were calculated for each season (regardless of the year) and calendar month during the 3.5 years' study period, with adjustment for age, sex and education level. In additional analyses, outdoor temperature was also adjusted for.
The least square means of SBP in each calendar month were also analysed separately in certain subgroups, including by age (in 10-year intervals), BMI categories, smoking status (for male participants only), alcohol drinking status (for male participants only), hypertensive status and fruit intake. Analyses were adjusted for mean age, sex and education level, where appropriate.
Multiple linear regression models were used to estimate changes in blood pressure per 10 C lower outdoor temperature, adjusting for age, sex and education level. In additional analyses, season, physical activity (daily hours spent on sedentary leisure activities), dietary factors (i.e. fruit and pickled vegetable intake) and BMI were adjusted for, first individually and then jointly. Using logistic regression models, age-, sex-and education-adjusted hypertension detection and control rates were calculated for each calendar month and season (regardless of the year). To estimate changes in detection and control rates per 10 C temperature, parameters of linear regression lines were obtained from plots of age-, sex-and education-adjusted rates in each month against monthly outdoor temperature. All analyses were performed using SAS 9.3 (SAS Institute, Cary, NC, USA).
Results
Of the participants analysed, the overall mean [standard deviation (SD)] age was 52.3 (9.9) years, 41.6% were men and 55.9% had formal education, which was higher in men than in women (73% vs 43.7%) ( Table 1) . Among men, 64.5% were current smokers and 38.2% reported drinking alcohol at least weekly, as opposed to 1.2% and 1.5%, respectively, in women. Overall, 35.5% participants had BMI !24 kg/m 2 and 6.4%had BMI !28 kg/m 2 (cut-off points often used to define overweight and obesity in China 9 ), with the mean BMI slightly higher in women than in men. In both sexes, about 19% (n ¼ 8216) reported having physician-diagnosed hypertension, and of these 90.7% reported taking antihypertensive drugs. A further 26.9% (29.5% in men and 25% in women) had measured SBP !140 and/or DBP !90 mmHg (i.e. newly detected hypertension) at the baseline survey. The overall mean (SD) SBP and DBP were 135.9 (21.4) and 80.5 (10.7) mmHg, respectively, with SBP and DBP both being about 2 mmHg higher in men than in women (Table 1) . Participants recruited in different seasons were very similar in terms of age and BMI. For both men and women, those recruited in spring had the highest prevalence of physician-diagnosed hypertension and antihypertensive treatment, and those in autumn had the lowest (eTable 1, available as Supplementary data at IJE online).
Average daily outdoor temperature during the study period ranged from À2. (Figure 2 ). The seasonal variation of blood pressure disappeared after additional adjustment for outdoor temperature (data not shown). Table 2 shows the measured SBP, DBP, hypertension detection rate in the overall population and hypertension control rate among those with self-reported physiciandiagnosed hypertension, by season. The overall wintersummer difference was 15.7 mmHg for SBP and 6.8 mmHg for DBP. Likewise, the hypertension detection rate was more than twice as high in winter (50.6%) as in summer (19.4%), whereas the converse was true for hypertension control rate, with the rate being about four times as high in summer as in winter (41.6% vs 11.0%), although the proportion of participants taking antihypertensive treatment did not vary much by season (eTable 1, available as Supplementary data at IJE online).
There was an almost perfect linear inverse association between mean monthly outdoor temperature and mean monthly BP, regardless of study year (eFigure 2, available as Supplementary data at IJE online). Using individual data in the model, each 10 C lower temperature was associated with 6.9/2.9 mmHg higher SBP/DBP. These associations hardly changed after additional adjustment for season, physical activity, fruit intake, pickled vegetable intake and BMI (data not shown). The highest hypertension detection rate was seen in January (56.0%) and the lowest in July (16.7%) (Figure 3) . By contrast, among people with prior history of hypertension, only about 8% had their blood pressure adequately controlled (i.e. SBP/DBP <140/90 mmHg) in January, more than 5-fold lower than that in July (45.5%). It was estimated that each 10 C lower temperature was associated with 14.1% higher hypertension detection rate but 13.0% lower hypertension control rate ( Figure 4 ). As shown in the radar plots ( Figure 5 ), the hypertension detection rates in months from May to October were lower, and in months from December to March were higher, than the yearly average. Similarly, the proportion of newly detected severe hypertension (i.e. SBP !160 mmHg and/or DBP !100 mmHg) was more than four times as high in cold months (December to March) as in warm months (May to October) (12.8% vs 3.1%). With regard to the monthly hypertension control rate, this was higher during May to September and lower during November to April as compared with the yearly average control rate. 
Discussion
In this large study of rural farmers from the south-east coastal region of China, we observed large seasonal variations in blood pressure, driven primarily by changes in outdoor temperature. Each 10 C lower outdoor temperature was associated with 6.9/2.9 mmHg higher SBP/DBP, a 14.1% absolute increase in hypertension detection rate and, among those with self-reported physician-diagnosed hypertension, a 13.0% absolute decrease in hypertension control rate. Comparing with the hottest month (July), participants recruited in the coldest month (January) were three times more likely to be diagnosed with hypertension Aug.
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(56.0% vs 16.7%), and six times less likely to have appropriate control of blood pressure if they had had hypertension (7.9% vs 45.5%). Several studies have previously reported on the seasonal variation of blood pressure, using either spot clinic blood pressure, 10, 11 home blood pressure 12 or mean 24-h blood pressure measurements. 3 Most of these studies were based on Western populations where people tended to have adequate access to central heating both at home and at work during winter. So, the magnitude of the seasonal variability of blood pressure observed was much smaller than that seen in the present study. For example, in a study of 18 770 individuals living in Oslo, Norway, where the summerwinter temperature difference was about 17 C (14.8 vs À1.9 C), a 10 C lower outdoor temperature was associated only with 1.5 mmHg higher mean SBP in men and 2.4 mmHg in women. 11 In a recent small study of 79 subjects conducted in north-east Japan where the mean monthly outdoor temperature varies between À0.7 C in January and 23.9 C in August, each 10 C lower outdoor temperature was associated with 4.0/2.8 mmHg higher SBP/DBP. 12 In the present study the temperature variation (25.4 C between July and January and 22.1 C between summer and winter) was not much larger than that observed in the above-mentioned two studies. However, none of our study participants had access to proper household heating during winter, which may explain largely the much stronger associations observed. 13 Other characteristics of our participants, such as a relatively low mean BMI and frequent outdoor activities, may also contribute to the observed association, but only marginally. A few mostly hospital-based studies have also reported on the association of season or ambient temperature with detection and control of hypertension. In a small study of 275 women aged 18-40 years in Delhi, India, where the mean outdoor temperature differed by about 19 C between winter and summer, mean SBP increased by 11 mmHg from summer (114 mmHg) to winter (125 mmHg) and at the same time the detection rate of hypertension almost doubled, from 16% to 31%. 14 In another study of 1202 male workers aged 44 6 10 years in Tokai, Japan, where the winter-summer difference in mean outdoor temperature was $17 C, the overall prevalence of hypertension (SBP/DBP !130/85 mmHg) increased from 37% in summer to 49% in winter. 15 A study using a database of >660 000 hypertensive adults in Southern California, USA, found that the hottest month had a 2% higher hypertension control rate than the coldest month, consistently over 5-6 years, although the temperature difference between the two was about 9 C. 16 In another large study of 582 881 US hypertensive patients followed for 10 years, the average hypertension control rate was 6.8%
higher in summer than in winter. 17 Most of the abovementioned studies did not assess directly the relationship of ambient temperature with hypertension detection and control rates. In a study of 73 873 patients who had visited cardiac clinics in North India over a 5-year period, 18 there was a $1% decrease in the detection of new hypertension for each 10 C higher mean monthly outdoor temperature. 18 Though consistent with overall study findings in previous studies, the strength of the association in our study was much stronger than that reported previously, implying that lower outdoor temperature will not only lead to increased blood pressure in the general population but will also attenuate the blood pressure control rate in people with known hypertension, thereby contributing to the surge of cardiovascular mortality during winter. 19, 20 Seasonal variation in blood pressure is not a new phenomenon and is probably mediated mainly by ambient temperature. 21 Indeed in our study, seasonal variations in blood pressure disappeared completely after additional adjustment for temperature, although the limitations of the effect decomposition approach used should be recognised. 22, 23 Cold environment may affect blood pressure through several mechanisms, among which activation of the sympathetic nervous system accompanied by secretion of catecholamine and other substances involved in heat production play a major role. 13 Several other factors, including dietary factors (e.g. fruit, alcohol and salt intake), physical inactivity and adiposity, may also potentially contribute to the seasonal variation in blood pressure. In the present study, however, there were only modest seasonal variations in measured BMI and self-reported 'usual' level of physical activity and intake of certain specific foodstuffs such as fruits and pickled vegetables. Consequently, additional adjustment for these variables did not materially modify the association between blood pressure and outdoor temperature (data not shown), in spite of the possibility of residual confounding. In this study, we used the average of two blood pressure measurements made at the study clinics during daytime, which may not provide a good estimate of an individual's usual level of blood pressure in a given condition, including season. Moreover, we used daily temperatures measured at the nearest meteorological offices from survey sites, which may not be a perfect measure of the ambient temperature to which the study participants had recently been exposed. Furthermore, no information was available on indoor temperature at home, workplace or survey clinics, nor about the time each participant spent indoors, so their effects could not be assessed directly. If, however, the measured outdoor temperatures were only partially correlated with the usual temperature to which participants were exposed during the day, our study findings may greatly underestimate the real association between ambient temperature and blood pressure.
Our study findings have implications for assessing the population burden and evaluating the clinical management of hypertension, even though the study population is not intended to be representative of the general population in China or in Zhejiang Province. [24] [25] [26] In the past few decades, several large surveys have been undertaken in China to assess the long-term trend and burden of hypertension. [27] [28] [29] [30] These surveys usually lasted only a few months and tended to be done under different ambient temperature in different provinces, 29, 30 making the comparison of the results and trends difficult, if not impossible. Moreover, for practical reasons, hardly any such surveys have covered winter months, so the results from them may have substantially underestimated the real burden of hypertension in the population. In future, sampling distribution of surveys across four seasons should be considered. 31 Similarly, for people who are already on treatment for hypertension, blood pressure should be closely monitored throughout the year, especially during winter; if necessary higher doses or additional drug(s) may be considered when temperatures drop, to achieve adequate control of blood pressure as at other times of the year. This, along with better home heating, 5 should help to reduce the adverse effects of cold temperature on blood pressure. The continuation of long-term follow-up for mortality and morbidity in our study should help to assess any seasonal variations of cardiovascular diseases and relevance for blood pressure.
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